Inositol hexakisphosphate kinase 1 (IP6K1), which generates 5-diphosphoinositol pentakisphosphate (5-IP7), physiologically mediates numerous functions. We report that IP6K1 deletion leads to brain malformation and abnormalities of neuronal migration. IP6K1 physiologically associates with α-actinin and localizes to focal adhesions. IP6K1 deletion disrupts α-actinin's intracellular localization and function. The IP6K1 deleted cells display substantial decreases of stress fiber formation and impaired cell migration and spreading. Regulation of α-actinin by IP6K1 requires its kinase activity. Deletion of IP6K1 abolishes α-actinin tyrosine phosphorylation, which is known to be regulated by focal adhesion kinase (FAK). FAK phosphorylation is substantially decreased in IP6K1 deleted cells. 5-IP7, a product of IP6K1, promotes FAK autophosphorylation. Pharmacologic inhibition of IP6K by TNP [N2-(m-Trifluorobenzyl), N6-(p-nitrobenzyl)purine] recapitulates the phenotype of IP6K1 deletion. These findings establish that IP6K1 physiologically regulates neuronal migration by binding to α-actinin and influencing phosphorylation of both FAK and α-actinin through its product 5-IP7.
Inositol hexakisphosphate kinase 1 (IP6K1), which generates 5-diphosphoinositol pentakisphosphate (5-IP7), physiologically mediates numerous functions. We report that IP6K1 deletion leads to brain malformation and abnormalities of neuronal migration. IP6K1 physiologically associates with α-actinin and localizes to focal adhesions. IP6K1 deletion disrupts α-actinin's intracellular localization and function. The IP6K1 deleted cells display substantial decreases of stress fiber formation and impaired cell migration and spreading. Regulation of α-actinin by IP6K1 requires its kinase activity. Deletion of IP6K1 abolishes α-actinin tyrosine phosphorylation, which is known to be regulated by focal adhesion kinase (FAK). FAK phosphorylation is substantially decreased in IP6K1 deleted cells. 5-IP7, a product of IP6K1, promotes FAK autophosphorylation. Pharmacologic inhibition of IP6K by TNP [N2-(m-Trifluorobenzyl), N6-(p-nitrobenzyl)purine] recapitulates the phenotype of IP6K1 deletion. These findings establish that IP6K1 physiologically regulates neuronal migration by binding to α-actinin and influencing phosphorylation of both FAK and α-actinin through its product 5-IP7.
IP6K | inositol pyrophosphate | brain malformation | actinin | FAK I nositol phosphates are prominent signaling molecules of which inositol 1, 4, 5-trisphosphate (IP3) is best characterized as a major second messenger acting by the release of intracellular calcium. Higher inositol polyphosphates have been increasingly appreciated, especially diphosphoinositol pentakisphosphate (IP7), which incorporates an energetic pyrophosphate bond (1) . The biosynthesis of IP7 is mediated by a family of three inositol hexakisphosphate kinases (IP6K) on the 5-position or by Vip1/PPIP5K (PP-InsP5 kinase) family on the 1-position of the inositol ring (2) (3) (4) (5) (6) . Thus, cells possess two IP7 isomers, 5-IP7 and 1-IP7, which differ in whether the 5-or 1-position is diphosphorylated. IP8 (1,5PP2-IP4) is formed when both the 5-and 1-positions are diphosphorylated (6) . IP7 mediates several physiological functions. For instance, 5-IP7 is required for insulin secretion (7), and both 5-IP7 and 1-IP7 regulate PIP3 signaling pathways (8) . The three IP6Ks generate a single isomer of 5-IP7 whose pyrophosphate bond occurs at C-5, but which arise from distinct genes and mediate diverse functions. For instance, IP6K3 regulates the neuronal cytoskeleton via interactions with adducin/spectrin (5) . IP6K1 deletion leads to sterility in males as well as resistance to diabetes and augmented Akt signaling (3) . IP6K2 influences cell death, being required for apoptosis associated with p53 (9) and impacting migration and metastasis of tumor cells (4) .
α-Actinin is an abundant cytoskeletal protein best known for its ability to cross-link actin filaments. α-Actinin is a major determinant of stress fibers, stabilizing them and enhancing their ability to generate tension (10, 11) . α-Actinin also binds integrins, influences cellular adhesions, and is required for migration and spreading of many cell types (12, 13) . α-Actinin is tyrosinephosphorylated by focal adhesion kinase (FAK), which regulates actin stress fiber formation (14, 15) . FAK plays a critical role in neuronal development, deficiency of which results in delays of neuronal migration (16) and brain abnormalities (17) .
Bhandari and coworkers (18) reported a role for IP6K1 in cell migration and invasion, analogous to comparable functions of IP6K2 (4). IP6K1-deficient cells manifest defects in adhesiondependent signaling with reduced activation of FAK and paxillin as well as diminished cell spreading and migration. Such defects are rescued by catalytically active but not inactive IP6K1.
In this study, we investigated neural phenotypes of IP6K1 deletion. We have identified notable defects in neuronal migration associated with layering of the cerebral cortex. In seeking molecular concomitants, we observed selective binding of IP6K1 to α-actinin. Deletion of IP6K1 or inhibiting its catalytic activity pharmacologically disrupts cell migration. Loss of IP6K1 leads to major defects in the disposition of FAK and its downstream targets.
Results
Defects in Neural Structure and Neuronal Migration Associated with IP6K1 Deletion. We observe premature death in IP6K1-deleted mice (Fig. S1 ). Thus, whereas the proportion of wild-type (WT) and IP6K1 deleted fetuses does not differ, among adults, numbers of IP6K1 knockouts are reduced by approximately 40% (Fig. S1) .
To assess the role of IP6K1 in neuronal development, we examined the brain structure of mutant mice by immunostaining the endogenous proteins. The morphology of the cerebral cortex is altered in IP6K1 mutants at postnatal day 0 (P0), P7, and at 8 wk of age (Fig. 1) . Cysts are observed throughout the cerebral cortex in layers 2-4, identified by Satb2 staining, and in layer 5, monitored by Ctip2. The abnormal cyst-like structures are evident at all time points examined from P0 to P7 and at 8 wk of
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Inositol hexakisphosphate kinase 1 (IP6K1) regulates numerous physiological functions. We describe a role of IP6K1 in neural development, because its deletion results in defects in neuronal migration and brain malformation. IP6K1 physiologically interacts with α-actinin and localizes to focal adhesions. IP6K1 regulates phosphorylation of both focal adhesion kinase and α-actinin through its product 5-diphosphoinositol pentakisphosphate (5-IP7).
age. The disposition of the cysts and closely surrounding cells is similar whether stained by Satb2 and Ctip2, which are selective for neurons, or GFAP, which uniquely labels glia.
To determine whether the aberrant neural disposition of IP6K1 knockouts reflects abnormalities of development, we monitored neuronal disposition at embryonic day 15 (E15) following the administration of EdU (5-ethynyl-2'-deoxyuridine) 4, 24, 48, and 72 h before analysis of brain tissue (Fig. 2 A-E) . Retardation of neuronal migration is first evident in IP6K1 mutants at 24 h after EdU administration and persists at 48 and 72 h.
We evaluated the comparative movement of different layers at E17 via staining the endogenous Satb2 and Ctip2 for layers 2-4 and 5, respectively (Fig. 2F) . In WT preparations at E17, Satb2 and Ctip2 appear to have attained their adult sites, whereas in the IP6K1 knockouts, migration of Satb2 and Ctip2 continues. Similarly, at P0 and P7, Satb2/Ctip2 in WT mice are in adult sites, whereas migration appears to still be taking place for the IP6K1 knockouts (Fig. 2 G and H) .
In summary, IP6K1 deletion is associated with a substantial retardation of neuronal migration in embryonic and early postnatal life.
IP6K1 Interacts with α-Actinin. We wondered whether the abnormalities of neuronal migration in IP6K1 mutants might reflect alterations of IP6K1 interactions with selected proteins. Accordingly, we immunoprecipitated IP6K1 and investigated its interacting proteins. Immunoprecipitation with antibodies to IP6K1 results in the pull-down of numerous proteins. Of these proteins, only a few are lost in IP6K1 knockouts (Fig. 3A) . Presumably such deleted bands reflect proteins that physiologically bind IP6K1. A prominent band that binds IP6K1 is identified as α-actinin (Fig. 3A) . We confirmed IP6K1/α-actinin binding by immunoprecipitation of IP6K1, which reveals binding to α-actinin in WT preparations but not in IP6K1 knockouts (Fig. 3B) . We explored IP6K1/α-actinin binding in vitro by using bacterially generated proteins (Fig. 3 C-E). IP6K1 binds robustly to α-actinin in vitro as does the catalytically inactive IP6K1 (K226A). Thus, binding of the two proteins does not depend on IP6K1 catalytic activity. We stained endogenous IP6K1 and α-actinin in HeLa cells in which the two proteins colocalize on the cell membrane (Fig.  S2A) . We then studied the colocalization of endogenous IP6K1 with FAK by immunostaining in HeLa cells (Fig. S2B ). IP6K1 and FAK colocalize in focal adhesions. We further established the selectivity of α-actinin/IP6K1 binding by comparing its interactions with those of IP6K1 and other proteins associated with focal adhesion such as vinculin, FAK, and paxillin (Fig. 3 F and G) . Pulldown of IP6K1 coprecipitates α-actinin but not vinculin, paxillin, or FAK, indicating that IP6K1 does not bind to FAK directly.
The IP6K1-α-actinin interaction is unique for IP6K1. Thus, immunoprecipitation with antibodies to IP6K2 and IP6K3 fails to coprecipitate α-actinin in experiments wherein IP6K1 antibodies robustly pull down α-actinin (Fig. 3 H-J) .
Disruption of IP6K1/α-Actinin Interactions Leads to Abnormalities of Cell Motility. We wondered whether loss of IP6K1 influences the cellular disposition of α-actinin. We examined the endogenous localization of α-actinin in IP6K1-deleted mouse embryonic fibroblasts (MEFs) (Fig. 4A) . In WT MEFs, α-actinin is selectively associated with cellular membranes, especially the plasma membrane, whereas in IP6K1 knockout cells, α-actinin is widely dispersed throughout the cell (Fig. 4A) .
α-Actinin coordinates the disposition of actin in stress fibers (11) . We examined stress fibers in IP6K1-deleted MEFs (Fig.  4B) . The normal patterns of stress fibers are markedly disrupted in IP6K1 knockouts, indicating an important role for this enzyme in stress fiber formation and function.
The focal adhesion system mediates cellular migration and spreading (19) . We evaluated these processes in a variety of models. In the scratch assay in MEFs, IP6K1 knockout elicits a 30% decrease in movement (Fig. 4C) . The Boyden chamber assay reveals a 50% decline of cellular motility in the mutant preparations (Fig. 4D) . We monitored spreading of MEFs, a process that is diminished by approximately 55% in IP6K1 knockouts (Fig. 4E) . The formation of stress fibers is also disrupted in IP6K1-deleted MEFs plated on fibronectin (Fig. 4F) .
We rescued abnormalities in IP6K1 knockouts by overexpressing WT IP6K1 or catalytically inactive IP6K1-kinase dead (KD) (Fig. 4 G-J) . The dispersal of α-actinin staining in the IP6K1 knockouts is reversed by overexpressing WT IP6K1 but not IP6K1-KD (Fig. 4G) . Likewise, the formation of actin stress fibers is normalized by WT IP6K1 but not the kinase-deficient mutant (Fig. 4H) . Thus, catalytic activity of IP6K1 is required for its ability to enhance the functions of α-actinin. Similarly, in a scratch assay for cellular motility (Fig. 4I and Fig. S3A ) and in the Boyden chamber assay (Fig. 4J and Fig. S3B ), the defect of IP6K1 knockouts in motility is reversed by WT IP6K1 but not by a catalytically dead mutant.
The kinase activity is also required for cell spreading (Fig.  S3C) . Thus, WT IP6K1, but not the kinase dead mutant, rescues cell spread.
Pharmacologic Inhibition of IP6 Kinase Impacts Cellular Motility Similar to IP6K1 Deletion. We sought pharmacologic approaches to complement genetic evidence for a role of inositol phosphate kinase activity in neuronal migration (Fig. 5) . TNP [N2-(m-Trifluorobenzyl), N6-(p-nitrobenzyl)purine] is a potent and fairly selective inhibitor of IP6Ks (20) . We tested the cytotoxicity of TNP on HeLa cells (Fig. S4) , TNP up to 10 μM does not affect cell viability. We examined the influence of TNP (10 μM) upon the disposition of α-actinin and cell migration. In HeLa cells, TNP markedly disrupts the normal membranous localizations of endogenous α-actinin (Fig. 5A) . TNP treatment also recapitulates the abnormalities of F-actin disposition in HeLa cells that are associated with IP6K1 deletion (Fig. 5B) . Similarly, abnormalities of cell movement observed in IP6K1 mutants by scratch assay, Boyden chamber assay, and spreading assays are also evident with TNP treatment (Fig. 5 C-E and Fig. S5 ).
Tyrosine Phosphorylation of α-Actinin Is Abnormal in Preparations Deficient in IP6K1. 5-IP7 is reported to phosphorylate target proteins (21, 22) , which is exclusively on serine. However, neither IP6K1 deletion nor TNP treatment alters α-actinin phosphoserine/threonine (Fig. S6) . Thus, 5-IP7 may not phosphorylate α-actinin directly. Tyrosine phosphorylation of α-actinin is required for its normal functions (14, 15) . IP6K1 knockout leads to virtual abolition of α-actinin tyrosine-phosphorylation in the brain (Fig. 5F ). Similarly, TNP treatment of HeLa cells markedly diminishes tyrosine phosphorylation of α-actinin (Fig. 5G) . However, 5-IP7 does not directly phosphorylate α-actinin on tyrosine in an in vitro preparation (Fig. S6C) . We evaluated enzymatic systems that might mediate α-actinin tyrosine phosphorylation. α-Actinin is known to be tyrosinephosphorylated by focal adhesion kinase (FAK) (14) . Fibronectin treatment of MEFs elicits robust phosphorylation of FAK at Y397, Y576/577, and Y925. This treatment also leads to substantial tyrosine phosphorylation of paxillin (Fig. 5H) . Phosphorylation of each of these proteins is markedly diminished in IP6K1-deleted preparations.
We substantiated these results by knocking down IP6K1 with shRNA in HeLa cells (Fig. 5I ). Fibronectin's enhancement of phospho-FAK Y397, Y576/577, and Y925 is markedly diminished by down-regulation of IP6K1.
IP6K1 Activity Promotes Focal Adhesion Kinase Activity. We established that phosphorylation of FAK is determined by IP6K1 (Fig.  6 A and B) . Thus, phosphorylation of FAK is diminished approximately 70% in IP6K1-deleted MEFs. Staining with vinculin confirms the association of endogenous phospho-FAK with focal adhesions. IP6K1 knockout provides a 65-70% diminution of phospho-FAK-Y397 staining. Phospho-paxillin, a target of FAK, is similarly diminished in IP6K1 knockouts (Fig. 6 C and D) .
Catalytic activity of IP6K1 is required for regulation of FAK phosphorylation. Thus, the diminished FAK phosphorylation of IP6K1 knockout MEFs is reversed by overexpressing WT IP6K1 but not the kinase-dead enzyme (Fig. 6E) . Pharmacologic support for the genetic data are provided by the use of TNP that dose-dependently diminishes all examined forms of tyrosine phosphorylation of FAK and paxillin (Fig. 6F and Fig. S7) .
In findings similar to our own, Bhandari and coworkers (18) demonstrated decreases of FAK and paxillin activation in IP6K1 mutants. Moreover, the FAK phosphorylation could be rescued by catalytically active but not inactive IP6K1.
5-IP7 Promotes Autophosphorylation of FAK. The requirement of IP6 kinase catalytic activity for regulation of FAK implies that an inositol phosphate product of IP6K1 plays a regulatory role. 5-IP7 is the principal product of IP6K1 catalytic activity (3). We examined phospho-tyrosine phosphorylation of FAK in vitro in the presence of IP6 or 5-IP7 (Fig. 6G) . 5-IP7 but not IP6 markedly increases tyrosine phosphorylation of FAK. This phosphorylation is not affected by TNP, consistent with TNP acting selectively to inhibit the generation of 5-IP7 by IP6. Accordingly, one would not expect any influence of TNP in preparations in which 5-IP7 is already added. The potent and selective stimulation of FAK phosphorylation by 5-IP7 is consistent with the notion that regulation by IP6K1 of FAK phosphorylation is mediated by its generation of 5-IP7, which directly influences the autophosphorylation of FAK.
Thus, IP6K1 physiologically interacts with α-actinin and regulates both α-actinin and FAK phosphorylation through its product 5-IP7.
Discussion
In this study, we investigated potential roles of IP6K1 in brain function by using IP6K1-deleted animals, which display major defects in neuronal migration. Explorations of IP6K1-binding proteins led to an appreciation of α-actinin as an important determinant of these processes. Specifically, IP6K1 binds α-actinin, which, in turn, interacts with FAK. These observations have culminated in elucidation of the following molecular scheme. In this model, IP6K1 binds to α-actinin, which brings it into proximity with FAK that, together with α-actinin, is part of the focal adhesion complex. 5-IP7 enhances autophosphorylation of FAK, which, in turn, augments neuronal migration.
Inositol phosphates have been associated with cell migration. Thus, earlier we reported that IP6K2, acting by the generation of 5-IP7, mediates cancer cell migration and metastasis both in cellular culture and in intact mice (4) . In this process, IP6K2 augments adhesion to the cell matrix and decreases cell-cell adhesion. At a molecular level, this process involves the ability of 5-IP7 to cause nuclear sequestering and inactivation of the tumor suppressor enzyme liver kinase B 1. Earlier we reported that IP6K3 influences the formation of synapses in the brain (5) . IP6K3 knockout mice manifest aberrations in motor learning and coordination. Whether these influences, exerted notably on Purkinje cells of the cerebellum, are mediated by alterations in the movements of cells during neurogenesis is unclear.
It has been reported that 1-IP7 promotes the phosphorylation of IRF3, as does IP8, albeit less potently (23) . In this study, we find that 5-IP7 promotes FAK phosphorylation. Both TNP and IP6K1 deletion compromise the synthesis of 5-IP7 and IP8. There is a possibility that IP8 also enhances FAK autophosphorylation.
Our findings may have therapeutic ramifications. IP6K1 appears to mediate cellular motility. Increased movement of cell processes is a feature of malignancy. TNP inhibits all isoforms of IP6K and alters cellular disposition (20, 24, 25) . It is possible that more potent and selective inhibitors of IP6K1 will have therapeutic benefit. IP6K1 appears to regulate the disposition of stress fibers, which play a notable role in determining cell shape and function. Such actions of IP6K1 imply a fundamental role in determining overall cell structure and function.
Materials and Methods
Reagents. Chemicals were from Sigma-Aldrich. Antibodies are listed in SI Materials and Methods.
Animals. The WT and IP6K1 KO animals were littermates from heterozygous breeding. Animal breeding and procedures were conducted in strict accordance with the NIH Guide for Care and Use of Laboratory Animals.
Immunofluorescence Staining. Immunofluorescence staining was performed as reported (26) . The investigation conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health.
EdU Labeling of Neuronal Migration. Heterozygous breeding pregnant mice at E15 were injected i.p. with 100 mg/kg EdU in normal saline and fetus were harvested at 4, 24, 48, or 72 h after injection. The fetus were fixed with 4% (wt/vol) paraformaldehyde and cut at sagittal sections. The slices were stained with Alexa Fluor 488 picolyl azide to label EdU-incorporated cells (Thermo Fisher Scientific). Immunoblotting and Immunoprecipitation. Standard methods for cell lysis, immune precipitation, SDS/PAGE, and Western blot were applied (5).
Cell Culture and Lentiviral Transduction. WT and IP6K1 KO MEF cells, HeLa cells, HEK293, and HEK293T cells were cultured in DMEM with 10% (vol/vol) FBS. Lentiviral production and transduction were generated as reported (27) . IP6K1 knock-down HEK293 cells were generated by lentiviral transduction and maintained in DMEM with 5 μg/mL puromycin.
In Vitro Protein Expression and Purification. The myc-tag GFP, myc-tag WT IP6K1, and myc-tag kinase-dead mutant IP6K1 (K226A) were cloned into the pGEX-6P-2 vector (GE Healthcare Life Sciences). PreScission Protease was used to remove the GST from myc-tag GFP, myc-tag WT, and K226A mutant IP6K1. GFP and α-actinin were also cloned into the pGEX-6P-2 vector (GE Healthcare Life Sciences) to produce GST-fused GFP and GST fused α-actinin (5).
Cell Migration and Spreading. The scratch migration assay and Boyden chamber assay were done as described (28).
5-IP7 Synthesis. The 5-IP7 was prepared as described (29) . Incubating 100 ng of purified IP6K1 in 25 μL of reaction buffer containing 20 mM Tirs-HCl, pH 7.4, 50 mM NaCl, 6 mM MgSO 4 , 1 mM DTT, 40 μg/mL BSA, 10 mM phosphocreatine, 10 U creatine phosphokinase, 1 mM ATP, and 400 μM IP6 at 37°C overnight.
In Vitro Autophosphorylation. α-Actinin and flag-tag FAK was expressed and purified from HEK293 cells. The in vitro autophosphorylation assay was done by incubating α-actinin or FAK in reaction buffer (20 mM Hepes, pH 7.4, 5 mM MgCl 2 , 5 mM MnCl 2 ), added with ATP (10 μM), IP6 (10 μM), 5-IP7 (10 μM), or TNP (10 μM) at 37°C for 20 min (30).
Statistical Analysis. Quantitative data are expressed as means ± SEM. Data were analyzed by one-way ANOVA, unpaired Student's t test. P < 0.05 was considered statistically significant. For nonquantitative data, results were representative of at least three independent experiments.
